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ABSTRACT
Metal nanocavity-based lasers show promise for dense integration in nanophotonic devices, thanks to their
compact size and lack of crosstalk. Thermal considerations in these devices have been largely overlooked in
design, despite the importance of self-heating and heat dissipation to device performance. We discuss the
sources of self-heating in electrically-pumped wavelength-scale nanolasers, and the incorporation of these heat
sources into a heat dissipation model to calculate laser operating temperature. We apply this thermal model to
an example electrically-pumped nanolaser operating at room temperature.
1. INTRODUCTION
Metal-clad subwavelength semiconductor lasers (here, referred to as MCSELs) have shown promise for chip-scale
integration of compact, densely spaced laser sources, thanks to the high mode confinement provided by their metal
cladding.1,2 Lasing has been demonstrated in devices that are smaller than their free-space emission wavelengths
in all three dimensions,3,4 opening new avenues of research on the physics particular to small laser cavities.5–8
Recently, room-temperature electrically-pumped lasing has been demonstrated in these devices,9 beginning the
transition of MCSELs from the first proof-of-concept devices to optical sources suitable for large-scale integration.
As MCSEL performance and reliability continue to improve, and as novel geometries continue to be explored,
it becomes increasingly important to consider multiple aspects of nanolaser design, rather than focusing on cavity
electromagnetic properties. Other important aspects of nanolaser design include surface passivation to reduce
non-radiative surface recombination,10,11 reducing material damage during fabrication,12 and efficient use of
available material gain.13
In this manuscript, we focus on thermal considerations, including self-heating and heat dissipation. Despite
their importance in limiting device performance, the thermal properties of MCSELs have received little attention
to date. The ability to model the laser’s operating temperature allows the evaluation of the impact of self-heating
on laser performance, as well as the design of new lasers with improved thermal properties. We present here a
simple thermal modelling analysis that takes into account multiple sources of self-heating, and apply this model
to an example MCSEL. In Section 2, we give an overview of the thermal modelling strategy that will be discussed
in this paper, and present the example MCSEL design to which we will be applying this model. In Section 3, we
adapt thermal models from vertical cavity surface emitting lasers (VCSELs) to include additional self-heating
sources resulting from non-radiative carrier recombination: surface recombination and Auger recombination.
We apply this model to calculate the total self-heating in an example MCSEL. In Section 4, we discuss the
modeling of heat transport and dissipation in a nanolaser cavity, and apply this model to calculate the operating
temperature of the example MCSEL analyzed in the previous section. In Section 5, we discuss the limitations
of this thermal analysis and future improvements that might be made to increase accuracy.
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Figure 1.
Diagram of electrically-pumped nanolaser to be analyzed. The laser has an InGaAs gain region of radius rcore
surrounded by a lower InP plug of radius rlower and upper InP plug of radius rupper. The laser is surrounded by
a dielectric shield of amorphous Al2O3 (α-Al2O3), of thickness tshield, which is in turn surrounded by a metal
cladding layer (silver) of thickness tcladding. The metal cladding layer connects the laser’s InGaAsP top contact
layer to the top electrical contact wire, at a distance rcontact1 from the laser’s center. The bottom contact
InGaAsP layer is connected to the bottom electrical contact wire at a distance rcontact2 ￿ rcontact1.
2. THERMAL MODEL OVERVIEW
The thermal modelling strategy described in this paper is based on models used in VCSELs,14 with modification
to include features specific to nanoscale lasers. In the first step, detailed in Section 3, we calculate the total
self-heating power generated by the laser at a given operating current and operating temperature. These self-
heating sources are located within the laser’s semiconductor layers, as well as at the semiconductor junctions. In
the second step, described in Section 4, we use finite element simulation to model the temperature distribution
throughout the laser and surrounding substrate/cladding, for the self-heating sources calculated above. In our
example, the temperature increases are moderate, so we calculate steady-state operating temperature given the
self-heating sources and material thermal parameters at the laser’s initial temperature. For a more complete
analysis, necessary for a device where the temperature changes are very significant, this process should be
performed iteratively, with the self-heating sources and operating temperature recalculated at each time step.
We apply this thermal analysis to the example MCSEL shown in Figure 1. The laser is based on the same
epitaxially-grown wafer stack as used in previous work.1,3 The gain layer is InGaAs lattice-matched to InP, with
radius rcore. The radii and thicknesses of the other layers comprising the InP pedestals and InGaAsP top and
bottom contact layers are given in Table 1. This laser’s upper and lower InP pedestals both have radii less than
rcore, due to a two-step etching process that increases modal confinement to the gain layer by undercutting the
pedestals.1 The etching rate is different depending on layer composition and doping, so the upper plug radius
rupper is smaller than the lower plug radius rlower. The layer radii are measured from SEM images of a fabricated
structure, although the sidewalls have an idealized vertical shape.
The laser is surrounded by a dielectric shield of amorphous Al2O3 (α-Al2O3) of thickness tshield = 168 nm,
which is in turn surrounded by a metal cladding layer (silver) of thickness tcladding = 258 nm around the gain
region. In this laser design, the distance rcontact1 of the top contact wire from the center of the laser is 20 µm,
while the bottom contact wire is a far enough distance rcontact2 ￿ rcontact1 from the laser’s center that it does
not play a role in heat dissipation.
3. SELF-HEATING SOURCES
Our first step in determining the nanolaser’s operating temperature is to determine the amount and location of
the nanolaser’s self-heating sources. Following the effective heat source model used for VCSELs,14 the major
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Table 1.
Dimensions of MCSEL laser simulated in this paper. The layer compositions, doping, and thicknesses are those
of the InP/InGaAs/InP double heterostructure grown on InP, used in previous work.1,3 The layer radii are for an
example nanolaser geometry, based on the SEM-measured dimensions of an experimentally-fabricated nanolaser.
Conductivities are calculated from the doping level and carrier mobility using Equation 3.
Layer Material doping Thickness Radius Carrier mobility Conductivity
Top contact InGaAs, n- 2e19 cm−3 125 nm 574 nm 2.5e3
￿
cm2
V ∗s
￿
15 8.011e5 S/m
Upper pedestal top InP, n 5e18 cm−3 235 nm 358 nm 1.25e3
￿
cm2
V ∗s
￿
16 1.001e5 S/m
Upper pedestal bottom InP, n 1e18 cm−3 235 nm 358 nm 2e3
￿
cm2
V ∗s
￿
16 3.204e4 S/m
Gain InGaAs bulk - 300 nm 574 nm - -
Lower pedestal top InP, p 1e18 cm−3 125 nm 431 nm 80
￿
cm2
V ∗s
￿
16 1.282e3 S/m
Lower pedestal bottom InP, p 5e18 cm−3 725 nm 431 nm 35
￿
cm2
V ∗s
￿
16 2.803e3 S/m
Bottom contact InGaAsP, p+ 2e19 cm−3 135 nm N/A 50
￿
cm2
V ∗s
￿
15 1.602e4 S/m
sources of self-heating are Joule heating, junction heating, and heterojunction heating, which are calculated as
described below. To these self-heating sources we add heat generated by non-radiative recombination; namely,
surface and Auger recombination heating. Surface recombination heating is important in lasers with nanoscale
gain regions, and Auger recombination heating is important at high carrier concentrations. These self-heating
terms are dependent on operating current as well as on ambient temperature.
Most of the heat source calculations described below depend on the nanolaser’s electronic behavior. To
perform these electronic simulations, we use SILVACO’s ATLAS, a 2D electronic device simulator that self-
consistently solves the Poisson equation, the Schrödinger equation, and the carrier transport equation to calculate
voltage, carrier density, and quasi-Fermi level separation. The results from these electronic simulations, for the
nanolaser described in Figure 1 and Table 1, are shown in Figure 2.
3.1 Joule heating
Joule heating is self-heating due to the resistance of each of the semiconductor layers, and is given by
QJ = I
2Rs (1)
where I is the operating current and Rs is the stack resistance of the semiconductor layer. The stack resistance
of the ith layer may be calculated from the layer’s radius ri, thickness ti, and conductivity σi using the standard
formula for stack resistance,14
Ri =
ti
σiπ(ri)2
(2)
The material conductivity of the ith layer may be calculated using
σi = niµiqe (3)
where ni is the doping level, µi is the carrier mobility, and qe is the electron charge.
The bottom contact layer behaves like a cylindrical thin film contact geometry. The resistance in this layer
is given by17
Rbc =
1
2πσbctbc
ln
￿
rbc
rlp
￿
+
1
4σbcrlp
R¯c
￿
rlp
tbc
,
σbc
σlp
￿
(4)
where the first term is the resistance of the bottom contact layer region between the nearest contact wire and
the laser’s lower pedestal, and the second term is the resistance of the bottom contact layer directly underneath
the laser’s lower pedestal. rlp is the radius of the lower pedestal and rbc is the distance between the laser’s center
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and the nearest contact wire. For our laser, rlp = rlower and rbc = rcontact1 as drawn in Figure 1. σbc is the
conductivity of the bottom contact layer, while σlp is the conductivity of the laser’s lower pedestal. An empirical
expression for R¯c is numerically found to be17
R¯c
￿
rlp
tbc
,
σbc
σlp
￿
∼= R¯c0
￿
rlp
tbc
￿
+
∆
￿
rlp
tbc
￿
2
· 2σbc
σbc + β
￿
rlp
tbc
￿
σlp
(5)
where R¯c0
￿
rlp
tbc
￿
and ∆
￿
rlp
tbc
￿
are defined differently depending on the ratio rlptbc .
For 0.0011 ≤ rlptbc ≤ 1 (lower pedestal radius is less than bottom contact thickness),
R¯c0
￿
rlp
tbc
￿
= 1− 2.2968
￿
rlp
tbc
￿
+ 4.9412
￿
rlp
tbc
￿2
− 6.1773
￿
rlp
tbc
￿3
+ 3.811
￿
rlp
tbc
￿4
− 0.8836
￿
rlp
tbc
￿5
∆
￿
rlp
tbc
￿
= 0.0184
￿
rlp
tbc
￿2
+ 0.0073
￿
rlp
tbc
￿
+ 0.0808
while for 1 <
￿
rlp
tbc
￿
< 10 (lower pedestal radius is larger than bottom contact thickness),
R¯c0
￿
rlp
tbc
￿
= 0.295 + 0.037
￿
rlp
tbc
￿−1
+ 0.0595
￿
rlp
tbc
￿−2
∆
￿
rlp
tbc
￿
= 0.0409x4 − 0.1015x3 + 0.265x2 − 0.0405x+ 0.1065
where x = ln
￿
rlp
tbc
￿
.
For both cases,
β
￿
rlp
tbc
￿
= 0.0016
￿
rlp
tbc
￿2
+ 0.0949
￿
rlp
tbc
￿
+ 0.6983
For the laser whose geometry is listed in Table 1, rlptbc =
431
135 = 3.2, which yields R¯c0 = 0.312, ∆ = 0.333,
and β = 0.715, leading to R¯c = 0.64 using the expressions above. Therefore, the second term in Equation 5, the
contribution to the bottom contact resistance by the region just below the laser pedestal, is 23 Ω. This is small
compared to the first term of Equation 5, the contribution by the rest of the bottom contact, which is 282 Ω.
Since in most nanolaser geometries rbc ￿ rlp, the first term of Equation 5 will be much larger than the second
term. In our thermal simulation in Section 4, we distribute the total resistance from both terms of Equation
5, 305 Ω, across the entire bottom contact layer. For greater accuracy, the resistive heating resulting from the
second term can be modeled as located directly beneath the laser pedestal, while the resistive heating resulting
from the first term can be distributed across the rest of the bottom contact.
The Joule heat sources for our example nanolaser are listed at the left of Figure 3, and contribute a total of
0.226 mW of heating power to the nanolaser. The largest source of Joule heating is the lower pedestal, followed by
the bottom contact. The bottom contact is expected to contribute negligibly to laser heating, since the intensity
of heat generated is low, and the heat can easily flow out of this region into the substrate and bottom contact
wire. Similarly, the lower pedestal is adjacent to the bottom contact, which can easily remove heat from the
laser pedestal. Compared to the other heating sources shown in Figure 3, Joule heating is a minor contribution
to laser self-heating.
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Figure 2.
Result of electronic simulation. (a) Potential difference as a function of vertical distance from the top of the top
contact. Length = 0 corresponds to the top of the top contact layer, and length = 1.88 µm corresponds to the
bottom of the bottom contact layer. (b) Carrier density as a function of injection current. (c) Quasi Fermi level
(QFL) separation as a function of injection current.
3.2 Junction heating
Junction heating is the heat generated by the voltage change at the junction between the undoped gain layer and
the adjacent doped semiconductor layers. To calculate the voltage changes, the device’s electrical behavior should
be simulated; we use SILVACO’s ATLAS to calculate voltage, carrier density, and quasi-Fermi level separation.
Using the voltage change Vjn at the nth junction, the power dissipated will be Pjn = IthVjn, where Ith is the
laser threshold operating current.
For the laser described in Figure 1 and Table 1, the device voltage, carrier density, and I-V curve are shown
in Figure 2 (a), (b), and (c), respectively. The potential difference at each junction between differently-doped
layers is visible in Figure 2 (a). For this example we use a threshold current of Ith = 0.4 mA and a slightly larger
operating current of I = 0.5 mA, which were experimentally used for a fabricated nanolaser with dimensions
similar to this example.
Figure 3 lists the calculated junction heating sources for this laser, located at junctions 3 and 4 (all other
junctions in the laser contribute to heterojunction heating instead, as described in Section 3.3). Together these
two junctions contribute 0.110 mW of self-heating.
3.3 Heterojunction heating
Similar to junction heating, heterojunction heating is the heat generated by the voltage change at the remaining
junctions, between the doped semiconductor layers. As before, the power dissipated at the nth junction is
Pjn = IVjn. This time, the current used is the operating current, rather than threshold current.
Figure 3 lists the calculated heterojunction heating sources for the laser described in Figure 1 and Table 1.
Heterojunction heating adds 0.678 mW of self-heating to the laser. Most of this heating, however, takes place at
the junction between the pedestals and the top or bottom contacts, and is easily dissipated via the contacts.
3.4 Surface recombination heating
Surface recombination is an additional heating term that is not usually considered for larger lasers, but becomes
important for small lasers, for which the ratio of surface area to volume is large. The rate of surface recombination
Us in the gain region is given by
Us =
n
τs
(6)
where n is carrier density (from the electronic simulation described in Section 3.2) and τs is carrier lifetime.3
The carrier lifetime is given by
1
τs
=
Aactive
Vactive
υs (7)
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where Aactive and Vactive are the area and volume of the gain region, and υs is the surface recombination
velocity. To calculate υs at 300K for InGaAs, we use the value of υs at 77K, υs = 6.7× 103cm/s, along with the
knowledge that the υs is proportional to the square root of temperature.3 Thus, at 300K,
υs(300K) = υs(77K)
√
300√
77
= 1.3× 104cm/s (8)
Using the above calculations to get the surface recombination rate Us, we can then use our simulation of the
quasi-Fermi level (QFL) from Figure 2(c) to calculate the heating power generated from surface recombination,
Ps = Us · Vactive · QFL (9)
For our example nanolaser operating at T=300 K and at injection current I=0.5 mA, we calculate a QFL
separation of 1.14 eV and a carrier concentration of 7.07e18 cm−3. Using Equation 9, the surface recombination
heating is calculated to be 0.393 mW.
3.5 Auger recombination heating
The last heating source we consider is Auger recombination18 which, like the surface recombination heating,
becomes a source of heat in the gain region. The Auger recombination rate UA is given by
UA = An
3Vactive (10)
where n is the carrier density, Vactive is the volume of the gain region, and A is the Auger coefficient. For
InGaAs at 300K, the Auger coefficient is 9.8× 10−29cm6/s.18
Using the carrier density for our example MCSEL at an injection current of 0.5 mA as calculated in Figure
2(b), we calculate the Auger recombination rate UA to be 1.075×1016s−1. The Auger heating is then calculated
as
PA = UA · QFL
which yields 1.963 mW. This is by far the largest source of self-heating for the nanolaser, and because this
heat source is located in the middle of the semiconductor stack, will also be the most difficult to dissipate.
In Figure 3 we summarize the self-heating sources for the example MCSEL and show their locations in the
semiconductor stack. The junction and heterojunction heating sources are implemented as area heating sources
located at the interfaces between layers, while Joule, surface recombination, and Auger recombination heating
are volume heating sources implemented as distributed within each semiconductor layer. Only half of the device
cross-section is shown since the device is approximated to be axially symmetric.
Note that each of these heat sources is dependent on operating temperature and on injection current. For
the most accurate reflection of nanolaser temperature behavior, these heat sources should be updated to reflect
the changing temperature as the nanolaser self-heats.
4. HEAT DISSIPATION
Once the sources of laser self-heating are known, the next step toward calculating laser operating temperature is to
model the heat transport and dissipation in the laser. Heat transport heavily depends on the thermal parameters
of the laser’s constituent materials; thermal parameters for the materials used in the example MCSEL nanolaser,
as well as a few other common nanolaser materials, are tabulated in Table 2. The values reported for amorphous
aluminum oxide (α−Al2O3) are for material deposited via atomic layer deposition (ALD). The range of thermal
conductivities represents the range of values found in the literature19–21 for α− Al2O3. For all these materials,
the thermal (and optical) parameters depend on the deposition conditions, so for the best accuracy, they should
be measured for each new deposition recipe.
In addition to the heat sources and thermal parameters, another important factor affecting laser operating
temperature are the device’s heat dissipation capabilities. Depending on the experimental setup, heat may be
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Figure 3.
Amount and location of heating sources in the example MCSEL laser, at 300K ambient temperature and 0.5mA
operating current. Each region is colored according to its thermal conductivity at 300K.
Table 2.
Thermal parameters used in heat transport simulations of the example MCSEL. All values are reported for
T=300K.
α−Al2O3
(ALD)
SiO2
(PECVD) InP
InxGa1−xAs
x = 0.53
InxGa1−xAsyP1−y
x = 0.773, y = 0.493 Ag
Thermal
conductivity k￿
W · m−1 · K−1￿
1.7-
2019–21
1.122 6816 1623 1115 42924
Heat capacity Cp￿
J · kg−1 · K−1￿ 88021 72525 31016 32015 32015 23526
Density
ρ
￿
kg · m−3￿ 369021 220027 481016 550015 512015 1049026
dissipated through the sample’s substrate into a heat sink (with the quality of heat transfer dependent on the
thermal contact between substrate and heat sink) or through the electrical contact wires, or to the surrounding
air via radiation or convection. In our simulation we allow for both these situations, with the contact wires and
substrate bottom approximated as perfect heat sinks. Figure 4 shows the boundary conditions for our thermal
simulation, which define the locations and mechanisms of heat dissipation.
We model the heat transport in this MCSEL nanolaser using COMSOL’s 2D axial-symmetric steady-state
heat conduction model. In our case, we directly model the steady-state laser operating temperature, assuming
that the temperature rise will be moderate and the temperature dependences of the heat sources and thermal
parameters are relatively small. For the most accurate simulation, especially in the case where temperature
change and/or temperature dependence is large, the temperature should be iteratively solved and the heating
sources and material parameters adjusted at each time step. The results of our steady-state simulation are found
in Figure 5, with temperature represented as color, and heat flux magnitude and direction represented by arrows.
From these results, we see that the mechanism of heat dissipation depends strongly on the dielectric shield’s
thermal conductivity. For higher-conductivity shields (Figure 5 (a)), the laser can dissipate heat through the
shield layer, while for lower-conductivity shields (Figure 5 (b)), the primary method of laser heat transfer is
through the InP upper and lower pedestals. By setting each boundary in turn to insulation, we determined
that once the heat leaves the laser cavity, the most significant avenue for heat dissipation is conduction through
the metal shield. In the higher-conductivity case, the laser’s steady-state operating temperature is a maximum
of 324 K, which occurs in the center of the gain region. In the lower-conductivity case, the laser heats to a
maximum of 353 K, with the heat less able to escape from the edges of the gain region.
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Figure 4.
Boundary conditions used in heat transport simulation. The laser is simulated as a 2D axially-symmetric
structure; the left edge is the axis of symmetry. The top surface of the metal cladding is surrounded by air,
and is allowed to dissipate heat to ambient through radiation. The InP substrate is 350 µm thick (full thickness
included in the model but not shown here), the bottom of which is set to a constant temperature of 300 K.
This represents a perfect heat sink at the substrate bottom. Another perfect heat sink is located at the far
right edge of the metal cladding, 20 µm away (again, full distance included in the model but not shown here);
this represents heat conduction through the top contact wire. The rest of the simulation’s right edge is set to
insulation, since the right edge of the substrate is much farther away than the top contact wire and, because this
surface faces air, is assumed to contribute negligibly to heat dissipation.
Figure 5.
Calculated steady-state operating temperature of the MCSEL at 0.5 mA injection current and 300 K ambient
temperature. Arrows represent the direction of heat flux, with the length of the arrow representing the amount
of heat flux. Here, the dielectric shield is (a) α − Al2O3 with thermal conductivity of k = 20 W · m−2 · K−1,
the highest literature value reported, or (b) SiO2 with thermal conductivity of k = 1.1 W · m−2 · K−1, also
comparable to the lowest literature value reported for ALD α−Al2O3 (Table 2).
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5. DISCUSSION
Simulation of nanolaser operating temperature is important in the diagnosis of laser thermal problems, as well
as in identifying design changes that may improve nanolaser thermal performance. Here, we demonstrated an
example thermal model by calculating the magnitudes and locations of self-heating sources in a nanolaser, and
simulating heat transport. We recognize that further improvements in the accuracy of MCSEL thermal models
will increase their usefulness, as well as reveal the nanolasers’ temperature-dependent dynamics.
One significant improvement could be made by incorporating thermal feedback. For example, this basic
model assumed a relatively modest temperature rise that does not significantly affect the laser’s carrier density
or material parameters. In the future, a self-consistent solution including the interdependences of self-heating
sources and thermal parameters on laser’s operating temperature, such as in VCSELs,12 will more fully reflect
the true operating temperature and temperature-dependent dynamics.
The thermal parameters of nanolaser materials vary not only with temperature, but also with fabrication
recipe. For the most experimentally-relevant models, these thermal parameters should be experimentally mea-
sured for each fabrication recipe. This measurement can be performed with the 3ω method28 , which has been
adapted to measure thermal conductivity in solids28 and thin films,29,30 as well as across junctions.31 Another
alternative is scanning thermal microscopy, which has been used to measure thermal conductivities and probe
the local temperatures of nanoscale structures.32,33 When combined with high-sensitivity bi-material cantilevers,
very high spatial and thermal resolution may be achieved.32,34 Such high-resolution measurements may provide
experimental validation of nanolaser thermal models.
In addition, the use of nanoscale heat transport models, rather than macroscale, should be investigated for
these nanolasers. Although the few MCSEL thermal studies that exist have used macroscale heat transfer,35
the dimensions of these nanolasers are comparable to the phonon mean free paths in many of their constituent
materials, putting them in the nanoscale heat transfer regime.36 We are currently expanding our model to
include nanoscale heat transport, including an analysis of the circumstances under which the difference between
macroscale and nanoscale heat transport become significant.
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